ABSTRACT: Lignocellulosic biomass is an abundant, rich source of aromatic compounds, but direct utilization of raw lignin has been hampered by both the high heterogeneity and variability of linking bonds in this biopolymer. Ab initio steered molecular dynamics (AISMD) has emerged both as a fruitful direct computational screening approach to identify products that occur through mechanical depolymerization (i.e., in sonication or ball-milling) and as a sampling approach. By varying the direction of force and sampling over 750 AISMD trajectories, we identify numerous possible pathways through which lignin depolymerization may occur in pyrolysis or through catalytic depolymerization as well. Here, we present eight unique major depolymerization pathways discovered via AISMD for the recently characterized spirodienone lignin branchinglinkage that may comprise around 10% weight of all lignin in some softwoods. We extract representative trajectories from AISMD and carry out reaction pathway analysis to identify energetically favorable pathways for lignin depolymerization. Importantly, we identify dynamical effects that could not be observed through more traditional calculations of bond dissociation energies. Such effects include thermodynamically favorable recovery of aromaticity in the dienone ring that leads to near-barrierless subsequent ether cleavage and hydrogen bonding effects that stabilize newly formed radicals. Some of the most stable spirodienone fragments that reside at most 1 eV above the reactant structure are formed with only 2 eV barriers for C-C bond cleavage, suggesting key targets for catalyst design to drive targeted depolymerization of lignin.
Introduction
Lignocellulosic biomass [1] [2] has captured much interest in recent years [3] [4] [5] [6] as a potential cheap and renewable energy source 7 . Lignin, in particular, is a biopolymer 8 (20-30% of biomass by weight 9 ) with high structural heterogeneity that has historically limited its utilization to the fast pyrolysis [10] [11] generation of low-grade and volatile bio oil 2 of moderate value 12 .
Hydrodeoxygenation or metabolic engineering 3, [13] [14] [15] approaches have been pursued to increase the value of these bio oils, but the pyrolysis step alone is energy intensive. Thus, depolymerization of unprocessed lignin remains of significant interest 8, 16 and has been pursued experimentally with polyoxometalate catalysts 17 , base-catalyzed hydrolysis [18] [19] , acidolysis [20] [21] , ionic liquid treatment 22 , reduction with hydrosilanes 23 , photochemical degradation 24 , and ball milling 25 . In addition to general depolymerization, efforts have also included selective strategies via homogeneous catalysts [26] [27] [28] [29] [30] and enzymes 31 . A route to selective depolymerization that both prevents repolymerization and generates a specific set of monomers 32 has only recently had success with the aid of metal catalysts [33] [34] capable of producing up to 50% yield.
The natural structural complexity of the lignin biopolymer, which contains eight known linkages between three monomeric units 17 , is critical to understanding how to design a catalyst for selective depolymerization starting from raw lignin feedstocks. First-principles simulation can provide valuable insight on the energetics and products of bond cleavage pathways. Previous computational efforts have focused on studying model compounds that contain the abundant β-O-4 ether lignin linkage by evaluating homolytic bond dissociation energies [35] [36] [37] [38] [39] , mechanical properties [40] [41] [42] [43] , intramolecular hydrogen bonding 44 . More recently, some kinetic modeling and analysis has been carried out, particularly to model fast pyrolysis [45] [46] [47] [48] [49] [50] . Both specific 51 and general catalysis of lignin depolymerization has been investigated computationally by studying the effect of transition metal catalysts [52] [53] [54] [55] and ionic liquids [56] [57] on lignin degradation. Few studies [58] [59] have focused on the more complex chemistry of the other seven linkages in lignin, despite the fact that β-O-4 may comprise as little as 35% of the lignin linkages, depending upon the feedstock 60 .
Inspired in part by recent experimental and computational efforts in efficient mechanistic study of mechanochemical depolymerization [61] [62] [63] [64] [65] [66] [67] , we recently developed 59 an alternative approach for depolymerization pathway discovery by employing ab initio steered molecular dynamics (AISMD). This technique allows us to both directly predict the results of mechanical lignin depolymerization (e.g., by ball milling 25 ) and, more importantly, to follow the dynamical processes that occur following bond cleavage beyond what can be observed from homolytic bond dissociation energy (BDE) studies. In our previous work 59 , we both surveyed depolymerization dynamics in all eight lignin linkages and identified unusual depolymerization patterns, particularly in branching models. We now follow up on our previous observations 59 of numerous unique depolymerization pathways for the branching spirodienone linkage that was only recently discovered in 2001 [68] [69] [70] . Spirodienone is now believed to be present in up to 9% (7%) abundance in softwoods (hardwoods) 60 , but little is known about the chemistry at this linkage beyond that it readily undergoes ring-opening under acidic conditions 71 as might be applied in pulping 60, 72 .
Although the spirodienone linkage has not been the primary focus of computational or mechanistic studies, we anticipate that a firm understanding of pathways for lignin depolymerization at chain branching sites is critical for selective, mild lignin depolymerization.
Indeed, the already observed high heterogeneity in possible depolymerization pathways for spirodienone inspires a follow-up study of the energetics of each pathway to help identify effects not captured by simple calculation of bond dissociation energies. The outline of the rest of this work is as follows. In Sec. 2, we review the details of our computational approach. In Sec. 3, we present and discuss results on the mechanism and energetics of eight major spirodienone depolymerization pathways. Finally, we provide our conclusions in Sec. 4.
Computational Details
We carry out all calculations described here with the TeraChem graphical-processingunit-accelerated quantum chemistry code [73] [74] . The AISMD 62 simulations utilize a 0.25 fs timestep with applied force of 4.0 nN from attachment points (APs) to the pulling points (PPs), thus sampling a force-modified potential energy surface (FMPES) 62, 64 . We previously demonstrated 59 an AISMD strategy for discovering both catalyzed and uncatalyzed depolymerization pathways in lignin oligomers with 2-6 repeats. Within AISMD, we define an AP on a molecule at position r i AP and PP at position r i PP towards which the AP is pulled at constant force, F i . This external (ext) force is defined as:
and we add this force to the standard ab initio evaluation of the gradient:
Here, we study a minimal model of the spirodienone linkage that is comprised of 3 pcoumaryl alcohol lignin monomers ( Figure 1 ). All pulling points were placed 90-100 Å away from attachment points, based on the procedure we introduced in our earlier study 59 of lignin depolymerization to ensure fragments did not run into the PPs after the first cleavage event. An initial temperature of 300 K was set for these runs, but no thermostat was employed during the 400 fs to 2 ps runs. In the brief dynamics time prior to bond cleavage, temperatures remain close to 300 K (i.e., within 50 K), but temperature becomes less meaningful once the fragments are fully separated and their velocities include unrestrained translation to PPs. A total of 300 ps of dynamics over 750 trajectories was obtained from sampling 10 trajectories for each of 75 combinations of two pulling points. The AISMD simulations employed unrestricted hybrid density functional theory (DFT) using the long-range-corrected, ωPBEh exchange-correlation functional (ω=0.2) 75 and the 6-31g basis set. In order to encourage possible convergence to a radical solution, level-shifting (a 1.0 eV shift to open shell states, 0.0 eV on closed shell states) 76 was applied. Qualitative observations are unchanged with alternate semi-local or global hybrid exchange-correlation functional choices (see Supporting Information Table S1 ).
Figure 1.
Structure of the spirodienone model used in this work labeled with ring numbers (1 in red, 2 in blue, and 3 in green) and atom indices of APs, which run from 1 through 5 for each ring. The five most frequently cleaved bonds are labeled A-E in orange.
Snapshots were taken from 50 fs past the point in a trajectory at which a new distinct fragment emerged, as defined by a separation distance between nearest atoms from the two fragments being larger than 2.0 Å. For each snapshot, separate fragments were geometry optimized using DL-FIND 77 with default L-BFGS convergence criteria. Relative energies of these fragments were evaluated with respect to the energy of the original optimized spirodienone model compound. These separated fragments were grouped qualitatively into 8 major fragmentation pathways, as described in the Results and Discussion.
The trajectory that led to the lowest energy set of optimized fragments in each qualitative pathway was selected for further reaction pathway analysis to obtain cleavage barriers and transition states. We employed a modified version of the nebterpolate software 78 to smooth these molecular dynamics trajectories and obtain a good initial guess of the bond breaking event interpolated in internal coordinates. Climbing-image nudged elastic band (NEB) calculations [79] [80] were carried out with the DL-FIND 77 optimizer extension to TeraChem for each step in the 8 most abundant pathways identified from AISMD runs using the lowest energy structure obtained in each case. Default spring constants and convergence criteria were employed for the 25 image NEB calculations. We note that this procedure does not guarantee convergence to an exact transition state. However, we treat the highest climbing image in each converged NEB as an approximate transition state (TS) because i) large 74-atom molecule fragments here have numerous soft modes that would make unambiguous vibrational TS characterization challenging, and ii) the reaction steps involve clear bond-cleavage coordinates that we will validate by tracking relevant bond distances (see Sec. 3d).
Partial-charge and bonding analysis was performed using the TeraChem interface to the Natural Bond Orbital (NBO), version 6.0 package 81 . The NBO analysis categorizes transformed orbitals as core, two-center or three-center bonding orbitals, and lone pairs for the generation of Lewis structures. We use the occupancy of each Lewis-like lone pair NBO and natural spin on each atom to confirm qualitative Lewis structure assignments, especially distinguishing the formation of radicals and diradicals from heterolytic mechanisms.
Results and Discussion

3.a. Overview of Spirodienone Cleavage Pathways
Over 750 AISMD trajectories were obtained by varying APs on the spirodienone linkage ( Figure 1 ). For each of the three rings in spirodienone, five APs were defined as atoms within a six membered-ring except for the atom that connected the ring to the rest of the lignin linkage.
Two of the rings (ring 1 and ring 3) in spirodienone are aromatic, whereas ring 2 is a dienone.
The lack of aromaticity in ring 2 of the spirodienone linkage will play an important role in cleavage pathways discussed shortly. Pairs of APs were chosen from two different rings leading to 75 possible combinations for which 10 trajectories were run. All simulations were carried out at a relatively high, 4.0 nN force, which was designed to ensure that many trajectories lead to cleavage. These forces are likely at the upper end of what is achieved during ball-milling of lignin 25 . Interestingly, no cleavage events were observed between APs on rings 1 and 2, despite the fact that they span an oxygen-containing five-membered ring that should be susceptible to mechanochemical cleavage (near label B in Figure 1 ) is spanned by the ring 1 to ring 2 AP pairings. Conversely, for APs chosen from rings 2 and 3, 99% of all 250 trajectories sampled led to a cleavage event. In the case of APs chosen from rings 1 and 3, 85% of all 250 trajectories sampled led to a cleavage event (see Supporting Information Tables S2-S4 ).
Overall, eight major qualitative groupings of cleavage pathways of the spirodienone linkage were observed. Although we previously reported 59 a total of 23 observed pathways for spirodienone fragmentation, the number reported here is lower because we i) no longer distinguish pathways by the order in which bonds are cleaved and ii) we have discarded late fragmentation events occurring well after the initial separation of the monomers that may have been artifacts due to steered atoms (i.e., the attachment points) arriving at pulling points. In previous work, the AP-PP distances were shorter than in the current data set, and we have increased the initial distance to the PPs, eliminating these spurious pathways.
Despite observing several diverse pathways, all pathways involved the cleavage of only five bonds at the center of the linkage (labeled A-E in Figure 1 ). Three of the bonds (A-C) are members of the five-membered ring that is positioned between rings 1 and 3 in the linkage, although some bonds such as the C-O bond adjacent to bond C and ring 2 were not observed to cleave. Cleavage of bond E is similar to the β-O-4-like cleavage that has been the frequent focus of previous computational studies 37, 40, 45, 55 , whereas most of the remaining bonds have not been characterized previously. Only cleavage at bonds D or E corresponds to single homolytic bond cleavage, whereas the opening of the five-membered ring results in significant rearrangement after formation of a radical. This latter observation is consistent with our earlier studies of the ring-opening in the β-β and β-5 dimers 59 . We thus characterize the eight cleavage pathways in terms of bonds cleaved that lead to a final product distribution.
3.b. Analysis of Dominant Cleavage Pathways and Products
The choice of AP pairs introduces a bias for discovering lignin depolymerization pathways, and we now examine the distribution of each pathway over the various AP pair choices ( Figure 2 and Supporting Information Tables S2-S4 ). Beyond the utility of force-induced depolymerization as a discovery tool, analysis of which portions of the molecule are susceptible to depolymerization under force has additional benefits. First, it tells us which bonds are mechanochemically most sensitive to degradation (e.g., as evidenced by 100% cleavage through a bond) or most inert (e.g., no cleavage through force applied to a bond). This information is expected to be directly transferable to interpretation of ball-milling depolymerization 25 Table S3 ). 
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An exception is R3 AP 5, which is closer to the bond E itself and favors in many cases closer to 40% cleavage through pathway 2. In the R1 AP 1 to R3 AP 5 pair, the pathway 2 cleavage pattern is instead favored with 40% of the cleavage events versus 30% through pathway 1 and 30% leading to no breakage events ( Figure 2 ). Additionally, two R1 AP1 to R3 AP 3 trajectories lead to cleavage pathway 3, which initiates with homolytic cleavage of bond D but is followed by ring-opening cleavage of bond B, leading to products similar to pathway 1 except with an opened tetrahydrofuranal ring (Supporting Information Figure S1 ). Overall, the R1-R3
AP pairs primarily lead to relatively similar homolytic cleavage mechanisms that could alternatively be probed via homolytic BDE calculations.
Conversely, a much richer array of rearrangements is observed through combinations of ring 2 (R2) and ring 3 (R3) AP pairs (see Figure 2 and Supporting Information Tables S2 and   S4 ). Nearly all R2 points lead to 100% cleavage, with only R2 AP 4 and R2 AP 2 occasionally yielding unproductive trajectories with R3 AP 2. The R2 AP 2 and R3 AP 2 vectors to their respective PPs can be viewed as nearly parallel, and this may explain the unproductive pulling.
Interestingly, although, R2 and R3 are linked by bonds D and E, none of the R2-R3 AP pair bond cleavage trajectories correspond to the simple bond cleavage pathways 1 or 2 of bonds D or E, respectively, nor do they correspond to homolytic D or E cleavage followed by ring opening (Supporting Information Table S4 ). Instead, all five cleavage pathways (4-8) observed for these AP combinations initiate through ring-opening cleavage of bond C, which is also oriented in the direction that connects rings 2 and 3. Pathway 4 products are characterized by formation of a monolignol radical and a migrated radical that introduces aromaticity to the dienone ring ( Figure   4 ). This aromaticity may be quantified by comparison of the geometry-optimized aromatic intermediates with the original spirodienone structure. In the original spirodienone structure, significant differences in bond order are apparent between the short 1.33 Å C-C double bonds with the longer 1.54 Å C-C single bonds. For intermediates where aromaticity is introduced, this > 0.2 Å bond length difference narrows to < 0.05 Å on average with bond lengths in the ring ranging from 1.40 to 1.44 Å.
The dienone ring also becomes aromatic in pathway 5, but the fragment is a diradical with the isolated functionalized monolignol becoming closed shell ( Figure 5 ). Here, aromaticity may be quantified again by dramatic reduction in bond length alternation in the formerly dienone ring. Both pathways 6 and 7 lead to release of the dienone ring as a closed shell monolignol species, but pathway 6 produces a diradical on the remaining fused lignols, whereas additional fragments are formed in pathway 7 ( Figures 6 and 7) . Four separate fragments are formed in pathway 8: a monolignol radical, a hydroxyl radical, and a diradical that rearranges to make the dienone ring aromatic as in pathways 4 and 5 (Supporting Information Figure S2 ). Homolytic bond cleavage pathway 7 with five-membered ring opening of bond C to form a diradical followed by homolytic cleavage of bond A. The diradical rearranges on the ring 1-3-derived products, fragments at bond E, and forms two separated radical fragments. Ring 2 forms its own closed-shell fragment. Although we have identified predominant pathways, overall there is significant diversity for each R2-R3 AP pairing that leads to cleavage through any of pathways 4-7 (Supporting Information   Table S4 ). In all cases, however, the homolytic ring-opening cleavage of bond C occurs followed by a number of different events that depend upon the AP topology. This observation highlights the benefit of sampling of AP choices as a means to discover depolymerization pathways, as we have previously observed in other lignin motifs 59 .
3.c. Energetics of Spirodienone Cleavage Products
We now analyze the differing cleavage pathways by determining the relative energetics of the optimized fragment endpoints with respect to an optimized spirodienone (i.e., the reactant)
model. In the case of homolytic bond cleavage, the fragment energies should correspond to that bond's BDE, but in more complex rearrangements, energies of transition states along the cleavage pathway will become relevant (see Sec 3.d). For each major cleavage pathway, a relatively wide range (up to 1 eV) of optimized fragment energetics is observed (Figure 8 ). In all cases, the intermediates are grouped according to a qualitative fragmentation pattern, and the closest local minimum is obtained upon geometry optimization of the cleaved fragments. These differences in the relative energy, even for seemingly simple homolytic cleavage (e.g., pathway
2) span a wide range due to differences in the conformer of the rest of the spirodienone linkage, which would not be captured by standard homolytic bond dissociation energetics studies. preserve the dienone nature of the six membered ring, typically in a nonradical fashion and distribute the radical over the other fragments. Pathway 8 is relatively high in energy, likely due to the formation of four fragments and four radicals, with the highest number of bond cleavages observed in all simulations. We note, however, that the higher number of fragments likely lowers the relative free energy of these products, which was not computed in this study. Thus, the roughly 2 eV stabilization is due to formation of the phenyl ring with aromatic character in pathways 4 and 5. We will revisit shortly the kinetics of these rearrangements through reaction pathway analysis (see Sec. 3.d).
It is also apparent that slower cleavage events under force do not necessarily correlate to lower energy fragments, as the latest cleavage events (ca. 1-1.4 ps) mostly correspond to the multi-step pathway 7, which is less thermodynamically favorable than the relatively quick, 100
fs rearrangements apparent for all pathway 5 fragmentation patterns. These timescales should not be interpreted outside of steered MD, as the speed of cleavage events in the presence of a large 4.0 nN force may have little to do with relative rates where mechanical force is not applied.
Overall, products of pathways 1, 3, 6, 7, and 8 all reside about 3-4 eV above the spirodienone ground state, consistent with the 3.9 eV energetic cost of cleaving a C-C bond 83 or, more specifically, β-1 bonds 84 in lignin 2.8-3.0 eV BDEs, whereas the lower energetic cost of pathway 2 is consistent with, but a little lower than, typical ether bond cleavages around 3.2 eV 85 .
3.d. Mechanism and Reaction Pathway Analysis
We computed energetic barriers for the eight major dynamically observed cleavage pathways to identify the most kinetically favorable cleavage pathways. In order to identify minimum energy pathways, each bond cleavage event was isolated as an elementary step, and a nudged elastic band calculation was carried out using geometry-optimized fragments obtained from AISMD trajectories (see Sec. 2). Simple homolytic bond cleavage pathway 1 corresponds to a bond D cleavage event with a steep, near-monotonic 3.5 eV barrier that corresponds to nearly the same energetics that would be obtained directly from homolytic BDE estimates (minimum energy pathway shown in Figure 9 , intermediate structures in Figure 3 , and range of endpoint energetics in Figure 8 ). The pathway 1 C-C bond cleavage products at the tetrahydrofuran ring (3.2-4.0 eV) were already observed to be less thermodynamically favorable than pathway 2 ether bond cleavage that forms a monolignol radical monomer (2.1-2.8 eV).
Figure 9.
Cleavage pathway 1 reaction coordinate energetics (top) and cleaving bond E distance (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy point is annotated and shown inset in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
Analysis of bond E cleavage in pathway 2 ( Figure 10 ) reveals more substantial differences between the reaction barrier (3.0 eV) and products (2.0 eV), suggesting differences in expected kinetics with respect to the direct BDE calculation. The qualitative features of the pathway 2 reaction profile are comparable to what was observed for pathway 1: radical character is observed at only small displacements from equilibrium (0.1-0.2 Å) bond lengths, corresponding to a steep jump in energy, followed by complete dissociation and preservation of the diradical character (Figures 9 and 10) . Analysis of structures along the minimum energy pathway reveals that a fair amount of rotation, which would not be captured in a BDE calculation, mediates the ether bond cleavage, leading at first to a hydrogen bonding interaction formed between the ring 3 oxygen on position 1 with the ring 1 hydroxyl on position 3 (see coordinates provided in the Supporting Information). The final products are instead stabilized by a more favorable ring 1 hydroxyl to ring 3 monolignol oxygen radical hydrogen bond, leading to lower product energetics. These observations suggest that larger lignin models could likely mediate bond cleavage barriers via earlier formation of stabilizing hydrogen-bonding interactions. Overall, minimum energy pathway analysis confirms expectations that bond E ether cleavage is more kinetically and thermodynamically favorable than bond D C-C cleavage adjacent to the tetrahydrofuran ring. Figure 10 . Cleavage pathway 2 reaction coordinate energetics (top) and cleaving bond E distance (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy point is annotated and shown inset in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
The rarely observed pathway 3 corresponds to the simultaneous cleavage of D, the C-C bond adjacent to the tetrahydrofuran ring followed by immediate ring-opening through bond B cleavage and migration of the radical adjacent to ring 1 rather than adjacent to ring 3 (Supporting Information Figure S1 ). During dynamic trajectories, the rapid cleavage events (0.1-0.2 ps, see Figure 8 ) make it difficult to distinguish the order of bond B and D cleavage. The relative energetics of pathway 3 products with respect to pathway 1 ( Figure 8 ) would suggest that the ring-opening cleavage is barrierless, especially when carried out in concert with the C-C bond cleavage. However, minimum energy pathway analysis converges to a pathway in which bond B cleavage slightly precedes bond D cleavage, leading to one of the highest observed barriers (5 eV) for any of the eight major pathways, despite the moderate 3 eV product energetics ( Figure   11 ). Follow-up work could focus on on-the-fly control of the dynamics trajectories to both cool and reduce forces on them as soon as a first bond cleavage event is detected in order to observe only downhill rearrangements in order to identify if bond B after D cleavage is in fact barrierless. Figure 11 . Homolytic bond cleavage pathway 3 minimum energy pathway and characteristic bond cleavage events. The point at which radical character is detected in a bond is indicated by translucent symbols. The structure of the highest energy point is annotated and shown inset in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
Homolytic bond cleavage pathways 4 and 5 represent the most energetically favorable pathways for spirodienone depolymerization. In both cases, optimized products ranged from as low as around 1.1 eV above the intact spirodienone to as high as around 1.9 eV, well below the energy of other fragments. In both cases, bond C cleaves first, opening the tetrhydrofuran ring and leads to the return of aromaticity to the dienone ring 2, driving down the energetics of the products. Pathway 4 may be viewed as particularly beneficial if also kinetically favorable because it releases a single monolignol radical, providing a path to controlled, high-value products ( Figure 4 ).
Despite originating from optimization of differing dynamical trajectories, barriers for minimum energy pathways 4 and 5 at around 2.5 eV are comparable (Figures 12 and 13 ). These barriers are lower than the ether bond or other C-C bond cleavages considered thus far. In both cases, the cleavage of the C-C bond in the five-membered ring adjacent to the dienone ring introduces diradical character that favors this cleavage pattern. Namely, there is no radical character on the dienone ring carbon after homolytic C-C cleavage, due to introduction of aromaticity (see TS 1 structures shown in Figures 12 and 13) . Instead, that radical has migrated to the oxygen on the newly aromatic six-membered ring, and the remainder of the radical is delocalized over the other carbon atom and adjacent oxygen in the remainder of the in-tact five membered ring. Thus, the introduction of aromaticity into the dienone mediates a lower C-C bond cleavage barrier in addition to stabilizing the intermediate energetics.
Interestingly, in pathway 4, we observe that the subsequent cleavage of ether bond E becomes nearly barrierless, despite the fact that this cleavage initiates from intermediates that are only around 1.3-1.5 eV above the reactant energies ( Figure 12 ). The low barrier for bond E ether cleavage can also be understood in terms of the migrating radical from carbon-centered in TS 1 to a more stable oxygen-centered radical in TS 2 ( Figure 12 ). Because bond E ether cleavage is coupled to recovery of aromaticity in the dienone ring, it in fact becomes weakly exothermic, with products around 1.1 eV. This energetic profile is quite distinct from what is observed for isolated ether bond E cleavage that previously was observed to be both endothermic by 2 eV and to have a barrier of around 3 eV (Figure 10) . The difference here is that bond E ether cleavage in pathway 4 is mediated through a single oxygen radical on bond E, whereas two radicals must form on either side of cleaved bond E in pathway 2 (see structures in Figure 10 ). Thus, observations in pathway 4 highlight that BDEs alone are insufficient for identifying lignin depolymerization pathways when intermediate rearrangement occurs.
Figure 12.
Cleavage pathway 4 reaction coordinate energetics in two steps -bond C cleavage (gray diamonds) and subsequent bond E cleavage (red diamonds) (top) and cleaving C (gray squares) and E (red circles) bond distances (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy points for each step are annotated and shown above in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
Conversely, pathway 5 energetics for the subsequent cleavage of the ether bond B in the tetrahydrofuran ring ( Figure 5 ) are not as kinetically favorable as for bond E cleavage in pathway 4 ( Figure 13 ). The high barrier for this step can be understood in terms of the energetic cost of rearrangement required upon bond cleavage that again would also not be captured by a BDE calculation. Namely, the sp 3 carbon on bond B that bridges rings 1 and 2 has a hydrogen atom that must rearrange to form an sp 2 radical when the bond B cleaves. The initially poor placement of this atom is what corresponds to the increased barrier height for the bond B cleavage (see pathway structures in Figure 13 and the Supporting Information). Analysis of the spin densities also reveals that the carbon-centered radical formed during bond B cleavage is unfavorable compared to ether bond cleavages in which the radical may be stabilized on an oxygen atom (pathway 4). Indeed, pathway 3 consists of simultaneous bond B and D cleavage and has even higher barrier heights for this simultaneous cleavage due to the lack of stabilization by an oxygen-centered radical ( Figure 11 ). Overall, final products are indeed stable for both pathways 4 and 5, as observed from both isolated geometry optimizations ( Figure 8 ) and the minimum energy pathway analysis (Figures 12 and 13 ).
Despite the somewhat favorable energetics of pathway 4 and 5 products (1 eV above the reactant ground state), none of the pathways have depolymerization products that are more stable than the reactants. High reverse reaction barriers suggest that the products will not revert to reactants, but it is likely that such products from these pathways would continue to react. In order to preserve such products, hydrogen atom sources, e.g. from water or additional lignin would be expected to react with the formed radicals to form stable and value-added products such as the monolignol produced in pathway 4. The relative stability of unreactive products could be sensitive to inhibitor choice. If molecular oxygen were instead used to stabilize radicals, one might expect differing stabilization of carbon-centered radicals versus the oxygen-centered radical in pathways 4, 5, and 7. Figure 13 . Cleavage pathway 5 reaction coordinate energetics in two steps -bond C cleavage (gray diamonds) and subsequent bond B cleavage (red diamonds) (top) and cleaving C (gray squares) and B (red circles) bond distances (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy points for each step are annotated and shown above in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
In only one case, pathway 8, we observed a cleavage pathway that combined initial bond C cleavage with subsequent concerted cleavage of both bonds B and E (intermediate structures shown in Supporting Information Figure S2 ). This fragmentation pattern produces the monolignol radical as well as a small fragment radical, producing four overall carbon radicals on three fragments compared to the other pathways that are only observed to form either two radical fragments or one diradical fragment and one closed shell fragment. Reaction pathway analysis reveals comparable bond C cleavage energetics with a barrier around 2 eV and products around 1.5 eV (Supporting Information Figure S3 ). The bond B and E cleavage occur rapidly, but bond E is broken slightly before bond B, making the initial part of the second reaction step straightforward to compare to pathway 4 ( Figure 12 ). Indeed, analysis up to the point where E has cleaved but not B reveal comparable energetics between pathways 4 and 8, but bond B cleavage is destabilizing with a barrier around 3.8 eV overall or about 2.3 eV for the single step and is quite endothermic (Supporting Information Figure S3 ). Nevertheless, bond B cleavage following E cleavage is slightly more favorable than direct C and B cleavage observed in pathway 5 ( Figure 13 ). Thus, comparison of the three pathways suggests that ring opening to introduce aromaticity into the dienone ring (C cleavage) followed by ether bond cleavage E is the most kinetically favorable reaction pathway, but under some reaction conditions further bond cleavage may be relatively favorable.
In cleavage pathway 6, C-C bond cleavage (bond C) to form ring-opened products is followed by a second C-C bond cleavage in the original tetrahydrofuran ring ( Figure 6 ). This double bond cleavage leads to a closed shell dienone ring monomer being released, unlike the previous pathways. Analysis of the minimum energy pathway reaction energetics reveals that the second C-C bond cleavage (bond A) has a comparable 2 eV barrier to the first bond cleavage ( Figure   14 ). It might be expected that the initial bond cleavage has a lower barrier as it relieves ring strain, whereas the second cleavage does not. Overall, formation of the dienone fragment in pathway 6 without introduction of aromaticity, as in pathways 4 and 5, is both less thermodynamically and kinetically favorable, as observed through geometry optimizations ( Figure 8 ) and reaction pathway analysis ( Figure 14) . Figure 14 . Cleavage pathway 6 reaction coordinate energetics in two steps -bond C cleavage (gray diamonds) and subsequent bond A cleavage (red diamonds) (top) and cleaving C (gray squares) and A (red circles) bond distances (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy points for each step are annotated and shown above in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
A second class of bond C-followed-by-A cleavage events was observed in pathway 7 ( Figure   7 ), which is at first identical to pathway 6 ( Figure 6 ) but then leads to subsequent ether bond E cleavage present in pathways 2 and 4 ( Figures 3 and 4) . We previously identified that in pathway 4 the bond E ether cleavage became barrierless when coupled to restored aromaticity of the dienone ring. However, in pathway 7, the dienone ring does not become aromatic, suggesting that the bond E cleavage may be less favorable. The first two uncoupled steps of pathway 7 are energetically and structurally identical to pathway 6, leading to a 2.5 eV barrier for bond C cleavage, followed by a second 2 eV barrier (4 eV overall) for bond A cleavage ( Figure 15 ). The subsequent cleavage of the ether bond E is not strictly barrierless at about 0.5-1.0 eV, but it is considerably lower than ether bond cleavage in isolation (3 eV in pathway 2 in Figure 10 ). The lower barrier here likely comes from the restoration of a double bond rather than radical character in ring 1 and tetrahydrofuran C-C bond (Figure 7 ) adjacent to the newly formed monolignol radical. The overall barriers for this pathway are indeed lower than would be estimated based on BDEs alone for each of the four cleaved bonds. Figure 15 . Cleavage pathway 7 reaction coordinate energetics in three steps -bond C cleavage (gray diamonds) followed by subsequent bond A cleavage (red diamonds) and bond E cleavage (blue diamonds) (top) and cleaving C (gray squares), A (red circles), and E (blue triangles) bond distances (bottom). The onset of radical character, as indicated by NBO analysis, is shown as a transition from opaque to translucent symbol fill in both the bond and energy plots. The structure of the highest energy points for each step are annotated and shown above in ball and stick representation (gray carbon, red oxygen, white hydrogen) with spin density isosurface (iso value = 0.02 e, red for positive spin density and blue for negative spin density).
Overall, comparison of eight unique cleavage pathways of the spirodienone linkage has revealed that order of bond cleavage alters the kinetics and thermodynamics of the rearranging intermediates. In particular, introduction of aromaticity into the dienone ring in pathways 4 and 5 produces products only 1 eV above the ground state spirodienone structure and well below the energetic cost that would be predicted by standard BDE estimation that does not consider radical or bond rearrangement. Comparison of minimum energy pathways obtained from the dynamics trajectories across the pathways 1-8 is internally consistent, suggesting that bond E ether cleavage may be near barrierless if it occurs after bond C cleavage, as in pathways 4 and 7. Thus, catalyst design targeting tetrahydrofuran ring opening at the C-C bond could be a fruitful way to cleave lignin branches, recovering simpler oligomers for further processing.
Conclusions
We have presented an ab initio steered molecular dynamics (AISMD) study of the potential depolymerization pathways of the recently discovered spirodienone lignin linkage. In addition to high heterogeneity, branching in unprocessed lignin is one of the key aspects of the biopolymer that make it difficult to depolymerize into a narrow distribution of products. The AISMD approach has been demonstrated to be a fruitful one to discover a number of unique pathways for depolymerization that could be further made more favorable through targeted catalyst design. Namely, of the 750 dynamics pathways carried out with varied pulling points, eight unique pathways were observed through combinations of cleavage of five bonds in spirodienone.
Analysis of the types of chosen attachment points in the steered MD analysis demonstrated that ring 2 to ring 3 AP combinations were more fruitful for generating complex lignin depolymerization pathways, as opposed to the simple, single step homolytic dissociation pathways 1 and 2 that predominated through ring 1 to ring 3 AP combinations or ring 1 to ring 2 AP pairs that yielded no cleavage. This analysis may be translated in chemical terms to reveal that the ether-adjacent side of the tetrahydrofuran ring in the spirodienone linkage is more amenable to uncatalyzed or catalyzed depolymerization.
Energetic analysis of the products of these dynamic cleavage pathways revealed that products in pathways 4 and 5 were only somewhat higher in energy than the intact spirodienone linkage at around 1 eV. These products are considerably lower in energy than the other 6 pathways that were around 2-4 eV above the spirodienone energy, consistent with standard expectations for the energetic cost of single C-C or C-O bond cleavage from bond dissociation energies. Analysis of the electronic structure of these products revealed rearrangement of the non-aromatic dienone ring to recover aromaticity.
Minimum energy pathway analysis suggested that BDE analysis alone may be insufficient in some cases (e.g., pathway 2) where products of transition states may rearrange to form stabilizing hydrogen bonds, especially in larger models of lignin than were studied in this work. Most importantly, we identified kinetically and thermodynamically favorable bond E ether cleavage to follow barrierlessly upon bond C tetrahydrofuran ring opening (pathway 4) in a manner that is likely to be made even more favorable with rational catalyst design. Generally, reintroduction of closed shell character was favored in pathway 7 as well, where bond E cleavage was favored following bond C and A cleavage as it enabled formation of a C-C double bond.
This analysis reveals that the order of bond cleavage events and the dynamic rearrangement that occurs is a critical component of building mechanistic understanding of how complex lignin linkages depolymerize.
The mechanochemical deformation at high forces can give rise to relatively high energy pathways that may be unfavorable (bond B cleavage in 5) alongside more favorable pathways
(bond E cleavage in 4). Analysis of the frequency of different pathways does indicate however that pathway 4 is relatively commonly sampled in our AISMD simulations. A route to quantitative correspondence between probabilities in ring pulling statistics and the most energetically favorable pathways would be in the use of lower forces and longer trajectories.
Overall, this sampling approach shows great promise for discovering depolymerization pathways in complex polymers. 
